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COMPARISON AND ANALYSIS OF EMPIRICAL EQUATIONS
FOR SOIL HEAT FLUX FOR DIFFERENT CROPPING
SYSTEMS AND IRRIGATION METHODS
A. Irmak,  R. K. Singh,  E. A. Walter‐Shea,  S. B. Verma,  A. E. Suyker
ABSTRACT. We evaluated the performance of four models for estimating soil heat flux density (G) in maize (Zea mays L.) and
soybean (Glycine max L.) fields under different irrigation methods (center‐pivot irrigated fields at Mead, Nebraska, and
subsurface drip irrigated field at Clay Center, Nebraska) and rainfed conditions at Mead. The model estimates were compared
against measurements made during growing seasons of 2003, 2004, and 2005 at Mead and during 2005, 2006, and 2007 at
Clay Center. We observed a strong relationship between the G and net radiation (Rn) ratio (G/Rn) and the normalized
difference vegetation index (NDVI). When a significant portion of the ground was bare soil, G/Rn ranged from 0.15 to 0.30
and decreased with increasing NDVI. In contrast to the NDVI progression, the G/Rn ratio decreased with crop growth and
development. The G/Rn ratio for subsurface drip irrigated crops was smaller than for the center‐pivot irrigated crops. The
seasonal average G was 13.1%, 15.2%, 10.9%, and 12.8% of Rn for irrigated maize, rainfed maize, irrigated soybean, and
rainfed soybean, respectively. Statistical analyses of the performance of the four models showed a wide range of variation
in G estimation. The root mean square error (RMSE) of predictions ranged from 15 to 81.3 W m‐2. Based on the wide range
of RMSE, it is recommended that local calibration of the models should be carried out for remote estimation of soil heat flux.
Keywords. Energy balance, Maize, Remote sensing, Soybeans.
oil heat flux (G) plays an important role in land sur‐
face energy dynamics by constraining the amount of
energy available for latent heat (LE) and sensible
heat (H). It is a significant component of the daytime
surface energy balance for almost all ecosystems, including
deserts (Dugas et al., 1996). It can become a significant com‐
ponent in relatively sparse vegetation (Kustas et al., 2000)
and predominant during night time (Murray and Verhoef,
2007a). An accurate quantification of G is of key importance
in energy balance studies, particularly for energy balance clo‐
sure assessment using eddy covariance (Stannard et al., 1994;
Wilson et al., 2002; Shao et al., 2008) and Bowen ratio energy
balance systems (BREBS), since BREBS require an estimate
of available energy for computing evapotranspiration (ET).
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Malhi et al. (2004) suggested that errors in G estimation can
be a possible explanation of the failure to close the energy
budget. Accurately quantifying G is also important for ener‐
gy balance‐based model output verification (Heusinkveld et
al., 2004; Murray and Verhoef, 2007a, 2007b).
Several vegetation indices, including normalized differ‐
ence vegetation index (NDVI), have been correlated to
G.The NDVI is computed using near‐infrared (ρNIR) and red
(ρR) band reflectance and a measure of vegetation amount
and condition and is associated with biomass, leaf area index
(LAI), and percentage of vegetation cover. Kustas and
Daughtry (1990) developed a method for estimating G based
on measurements of net radiation (Rn) and ground‐based re‐
flectance in bare soil, alfalfa (Medicago sativa), and cotton
(Gossypium hirsutum) fields in Arizona during summer.
They used a single‐dome net radiometer with a polyethylene
shield positioned about 1.5 m above the soil surface to mea‐
sure Rn. The G was measured using three soil heat flux plates
buried at a depth of 5 cm from the soil surface. A multiband
radiometer (model 12‐1000, Barnes Engineering Co., Stam‐
ford, Conn.), with filters to measure ground radiance in spec‐
tral bands matching the Landsat Thematic Mapper (TM), was
used for reflectance measurement. The radiometer, with a
15° field of view, was mounted about 1.7 m above the soil
surface. They developed two G/Rn equations based on the ra‐
tio of ρNIR/ρR and NDVI. The mid‐day ratio of G and Rn
(G/Rn) was linearly related to the ratio of ρNIR/ρR and NDVI.
The NDVI was better correlated with the ratio of G/Rn as
compared to the ρNIR/ρR ratio (r2 = 0.86 vs. 0.74). Applica‐
tion of this method using remotely sensed multispectral data
acquired from an aircraft over large agricultural fields in Ari‐
zona indicated that G was overestimated by 13% (Daughtry
et al., 1990). However, the study was carried out at the same
S
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site using the datasets collected remotely during the experi‐
mental setup for model calibration.
Bastiaanssen et al. (1998) pooled G/Rn and NDVI data
from Clothier et al. (1986), Choudhury (1989), Kustas and
Daughtry (1990), and Van Oevelen (1991) to derive a G equa‐
tion in the Surface Energy Balance Algorithm for Land (SE‐
BAL) model. Melesse and Nangia (2005) ran the SEBAL
model for ten Landsat Thematic Mapper (TM) and Enhanced
Thematic Mapper (ETM) images in Montana. The Landsat
images were acquired from 2001 to 2003, and the G equation
in the SEBAL model was calibrated from data collected on
grassland. They suggested a modified G equation that yielded
a root mean square error (RMSE) of 10.5 W m‐2 with 24.4%
mean absolute percentage error between observed and pre‐
dicted G. Singh et al. (2008) found that the soil heat flux used
in the SEBAL model significantly overestimated G in a sub‐
surface drip irrigated maize field in south‐central Nebraska,
with an r2 of 0.055 and an RMSE of 79.8 W m‐2. The poor
estimates of G could be attributed to the fact that the surface
soil in a subsurface drip irrigated field is very dry for the ma‐
jority of the growing season, and there is no surface evapora‐
tion due to irrigation. These conditions may be considerably
different from those in which the G equations were derived.
In such conditions, evaporative cooling in the topsoil is re‐
duced due to reduced soil evaporation, which results in in‐
creased soil temperature and increased G. However, since the
surface is usually dry, there is less heat exchange with the sur‐
face, and thus less magnitude of heat flux can be expected
than the rate estimated by SEBAL. Singh et al. (2008) used
measured G data to develop an exponential relation that uti‐
lizes NDVI and Rn, which resulted in an r2 of 0.74 and RMSE
of 20.1 W m‐2.
Our overall objective was to apply and test the aforemen‐
tioned empirical equations (Kustas and Daughtry, 1990; Bas‐
tiaanssen et al., 1998; Melesse and Nangia, 2005; Singh et al.,
2008) to estimate G under maize (Zea mays L.) and soybean
(Glycine max L.) cropping systems in Nebraska soil and cli‐
matic conditions. Specific objectives were to (1) investigate
seasonal and inter‐annual progression of the G/Rn ratio and
NDVI to understand how G/Rn dynamics respond to changes
in soil, climate, land use, and management conditions for
maize and soybean cropping systems; and (2) evaluate the
ability of the aforementioned equations to predict soil heat
flux under the aforementioned conditions.
MATERIALS AND METHODS
MEASURED RN AND NDVI BASED SOIL HEAT FLUX
EQUATIONS
Four existing empirical equations were evaluated for their
ability to estimate G as a function of Rn and NDVI: Kustas
and Daughtry (1990), Bastiaanssen et al. (1998), Melesse and
Nangia (2005), and Singh et al. (2008). NDVI is computed
using near‐infrared (ρNIR) and red (ρR) band reflectance, as
proposed by Rouse et al. (1973):
 
RNIR
RNIR
ρ+ρ
ρ−ρ
=NDVI  (1)
Kustas and Daughtry (1990) developed two equations
from the same dataset:
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NIR
nR
G
ρ
ρ
−= 0164.0294.0  (r2 = 0.74, n = 11) (2)
 NDVI208.0325.0 −=
nR
G
 (r2 = 0.86, n = 11) (3)
Equation 3 is used in our analysis, since G is computed as
a function of NDVI. Equation 3 indicates that with full cano‐
py cover (NDVI ~ 1) about 12% of Rn is used to heat the soil,
and under bare soil conditions (NDVI ~ 0) G can be as much
as 32% of Rn.
Bastiaanssen et al. (1998) developed the following equa‐
tion to estimate G in the SEBAL model:
 )NDVI98.01(30.0 4−=
nR
G
 (r2 = 0.61, n = 35) (4)
Equation 4 implies that G can be as little as 0.6% of Rn
when the ground has full canopy cover (NDVI ~ 1) and as
much as 30% of Rn for bare soils (NDVI ~ 0).
Melesse and Nangia (2005) calibrated equation 4 in the
SEBAL model with data collected on grassland in Montana
and suggested equation 5 for G:
 
)NDVI98.01(153.0 4−=
nR
G
 (5)
The calibration by Melesse and Nangia (2005) resulted in
a smaller offset value (0.15) than equation 4 (0.30). Thus,
equation 5 yields 50% smaller G values than equation 4 under
similar ground cover conditions. Singh et al. (2008) devel‐
oped the following equation using data from a subsurface
drip irrigated maize field (Irmak and Irmak, 2008):
 nRNDVIG )]3187.2exp(3811.0[ −=  (6)
Equation 6 will likely produce a higher rate of G under
bare soil (NDVI ~ 0) than the above equations (i.e., offset is
0.38).
Two different existing datasets were used to evaluate
equation 3 (model 1 or M1), equation 4 (model 2 or M2),
equation 5 (model 3 or M3), and equation 6 (model 4 or M4).
The first dataset was from an ongoing carbon sequestration
program (CSP) representing three major cropping systems at
Mead, Nebraska. The second dataset was from the South
Central Agricultural Laboratory (SCAL) of the University of
Nebraska‐Lincoln,  near Clay Center, Nebraska.
STUDY SITE, EQUIPMENT, AND EXPERIMENTAL PROCEDURES
AT MEAD, NEBRASKA
We used datasets collected by Verma et al. (2005) and
Suyker et al. (2005) at three sites near Mead, Nebraska, dur‐
ing 2003 to 2005 as part of an ongoing carbon sequestration
research program at the University of Nebraska‐Lincoln
Agricultural Research and Development Center (ARDC) in
Ithaca, Nebraska. Figure 1 shows average weather conditions
at the site from a nearby High Plains Regional Climate Center
(HPRCC) automated weather station (www.hprcc.unl.edu).
The datasets measured at the HPRCC stations included daily
maximum and minimum temperature (Tmax and Tmin), rela‐
tive humidity, wind speed, and solar radiation. The study sites
at the ARDC represent three major cropping systems: irri‐
gated continuous maize, irrigated maize‐soybean rotation,
and rainfed maize‐soybean rotation. The first site (site 1)
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Figure 1. Daily climate variables including mean temperature (°C), wind speed (m s‐1), solar radiation (W m‐2), and relative humidity (%) during three
crop growing seasons at the Mead study sites for 2003, 2004, and 2005.
(41° 9′ 54.2″ N, 96° 28′ 35.9″ W, 361 m above mean sea lev‐
el) is irrigated with a center‐pivot irrigation system and is
about 48.7 ha in size. The second site (site 2) (41° 9′ 53.5″ N,
96° 28′ 12.3″ W, 362 m above mean sea level) is also center‐
pivot irrigated and is 52.4 ha in size, and the third site (site3)
(41° 10′ 46.8″ N, 96° 26′ 22.7″ W, 362 m above mean sea lev‐
el) is rainfed and about 65.4 ha in size. These three sites are
within 1.6 km of each other. All three sites are large enough
to provide sufficient upwind fetch of uniform cover for ener‐
gy flux measurements using eddy covariance systems. Since
the beginning of the study in 2001, all these sites have been
under no‐till conditions. Prior to initiation of the study, sites1
and 2 had a 10‐year history of maize‐soybean rotation under
no‐till. Site 3 had a history of variable cropping practices of
primarily wheat, soybean, oats, and maize grown in 2 to 4 ha
plots with tillage. All three sites were uniformly tilled by
disking prior to initiation of the study to homogenize the top
0.10 m of soil and to incorporate P and K fertilizers, as well
as previously accumulated surface residues.
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Table 1. Cropping details of the study sites, including plat population, planting date, and harvest date.
Site Year Crop (Cultivar)
Plant Population
(plants ha‐1)
Planting
Date
Harvest
Date
Mead site 1: Irrigated, 
continuous maize
2003 Maize (Pioneer 33B51) 77,000 May 15 October 27
2004 Maize (Pioneer 33B51) 79,800 May 3 October 13
2005 Maize (DeKalb 63‐75) 69,200 May 4 October 12
Mead site 2: Irrigated, 
maize‐soybean rotation
2003 Maize (Pioneer 33B51) 78,000 May 14 October 23
2004 Soybean (Pioneer 93B09) 296,000 June 2 October 18
2005 Maize (Pioneer 33B51) 76,300 May 2 October 17
Mead site 3: Rainfed, 
maize‐soybean rotation
2003 Maize (Pioneer 33B51) 57,600 May 13 October 13
2004 Soybean (Pioneer 93B09) 264,700 June 2 October 11
2005 Maize (Pioneer 33G66) 53,700 April 26 October 17
Clay Center: Subsurface 
drip irrigated
2005 Maize (Pioneer 33B51) 72,900 April 22 October 17
2006 Maize (Pioneer 33B54) 75,400 May 12 October 5‐6
2007 Soybean (Pioneer 93M11) 385,500 May 21 October 24
The soils at all three sites are deep silty clay loams consist‐
ing of four soil series: Yutan (fine‐silty, mixed, superactive,
mesic Mollic Hapludalfs); Tomek (fine, smectitic, mesic
Pachic Argiudolls); Filbert (fine, smectitic, mesic Vertic Ar‐
gialbolls); and Fillmore (fine, smectitic, mesic Vertic Argial‐
bolls). The general particle size distribution is 13% sand,
57% silt, 27.5% clay, and 2.5% organic matter with a field ca‐
pacity of 0.32 m3 m‐3 and permanent wilting point of 0.19 m3
m‐3. The cropping details of the sites are presented in table1.
Maize was planted at site 1 during the three study years
(2003, 2004, and 2005). At site 2, maize was planted in 2003
and 2005, whereas soybean was planted in 2004. Similarly,
at the rainfed site 3, maize was planted in 2003 and 2005, and
soybean was planted in 2004. The amounts of irrigation ap‐
plied at site 1 were 378, 260, and 324 mm in 2003, 2004, and
2005, respectively. The amounts of irrigation provided at
site2 during 2003, 2004 and 2005 were 350, 184, and 309
mm, respectively. More details about these sites and the ex‐
perimental  setup can be found in Verma et al. (2005) and
Suyker et al. (2005).
Net radiation was measured at 5.5 m above the ground us‐
ing a Kipp & Zonen CNR1 net radiometer (Campbell Scien‐
tific Inc., Logan, Utah). The net radiometer consists of one
pair of pyranometers and pyrgeometers. The incoming and
outgoing shortwave radiation (0.3 to 2.8 m) was measured
by the pyranometers, while the upwelling and downwelling
far‐infrared radiation (5 to 50 m) were measured by the
pyrgeometers. The typical response time of the instrument
was about 18 s, and the operating temperature range was
‐40°C to 70°C. Soil heat flux was measured at a depth of
0.06m below the soil surface using two soil heat flux plates
(Radiation and Energy Balance Systems, Inc., Seattle,
Wash.) on either side of the crop row. The soil heat flux was
adjusted for soil moisture variation (Verma et al., 2005). Net
radiation and soil heat flux were sampled at 8 s intervals and
averaged over 60 min using a CR10X datalogger and AM416
relay multiplexer (Campbell Scientific, Inc., Logan, Utah).
Spectral reflectance was measured in 2003, 2004, and
2005 with a pair of inter‐calibrated four‐channel light sensors
(model SKR 1850, Skye Instruments, Ltd., Powys, U.K.)
mounted at approximately 5 m on a mast located near the
eddy covariance flux tower in the center of the fields. One ra‐
diometer measured downwelling irradiance (Einc), and the
other measured upwelling radiance (Lcanopy). The upward‐
directed radiometer was equipped with a cosine diffuser to
give a hemispherical view of the incoming radiation, while
the downward (nadir)‐facing sensor had a 25° field of view,
providing a footprint of approximately 3.86 m2 at ground lev‐
el. The Skye radiometers measure in four narrow spectral
bands: 536‐561 nm (green band), 665‐676 nm (red band),
700‐720 nm (red‐edge band) and 862‐874 nm (near‐infrared
band); all bands except the 700‐720 nm red‐edge band are
comparable to Moderate Resolution Imaging Radiometer
(MODIS) bands. The upwelling and downwelling radiome‐
ters were inter‐calibrated to match their transfer functions by
measuring the upwelling radiance of an illuminated Spectra‐
lon reflectance standard (Lref; Labsphere, North Sutton,
N.H.) simultaneously with incident irradiance (Eref) from
the upward‐directed spectrometer before and after the study
period (April‐May and October‐November). Using a field
goniometer system (Walter‐Shea et al., 1993), the relation of
the transfer functions under varying solar zenith angles be‐
tween the upwelling radiance from the reflectance standard
(Lcal) and the downwelling irradiance (Ecal) was quanti‐
fied. Little change in the pre‐ and post‐ measurements con‐
firmed the stability of the instruments. The reflectance
standard was corrected for anisotropic reflectance (ρref;
Jackson et al., 1987). Percent spectral reflectance (ρ) was
calculated as:
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In the field, the Skye radiometers measured the same loca‐
tion, obtaining a 10 min average every half‐hour between
11:30 a.m. and 1:30 p.m. (Central Standard Time, CST), with
solar zenith angles ranging from approximately 18° to
approximately  50° depending on the time of the year.
STUDY SITE, EQUIPMENT, AND EXPERIMENTAL PROCEDURES
AT CLAY CENTER, NEBRASKA
We used three years of data collected during 2005, 2006,
and 2007 from an experimental field at the University of
Nebraska‐Lincoln South Central Agricultural Laboratory
(SCAL) at Clay Center, Nebraska. The datasets from this site
are part of an ongoing extensive field campaign that is de‐
signed to measure surface energy fluxes, soil moisture, and
plant physiological parameters and their relations with mi‐
croclimatic  variables for various surfaces (Irmak, 2010). The
data collection campaign is part of the Nebraska Water and
Energy Flux Measurement, Modeling, and Research Net‐
work (NEBFLUX) that operates ten Bowen Ratio Energy
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Figure 2. Daily climate variables including mean temperature (°C), wind speed (m s‐1), solar radiation (W m‐2), and relative humidity (%) during three
crop growing seasons at the Clay Center study site for 2005, 2006, and 2007.
Balance Systems (BREBS) and one eddy covariance system
over various vegetation surfaces ranging from irrigated and
rainfed grasslands, to tilled and untilled and irrigated and
rainfed croplands, to Phragmites (Phragmites australis)‐
dominated cottonwood (Populus deltoides var. occidentalis)
and willow stand (Willow salix) plant communities. Experi‐
mental details are provided by Irmak et al. (2008), Irmak and
Mutiibwa (2009a, 2009b), Irmak and Mutiibwa (2010), and
Irmak (2010).
The SCAL is located approximately 160 km west of Lin‐
coln in the south‐central part of Nebraska (40° 34′ N, 98° 8′
W, 552 m above sea level). The experimental field at SCAL
was 13 ha in size and was irrigated using a subsurface drip ir‐
rigation system that was installed in 2004. The drip laterals
were spaced every 1.52 m (every other maize row) in the
middle of the row and were installed at a depth of approxi‐
mately 0.40 m below the soil surface. The soil at the field is
a Hastings silt loam, which is a well‐drained soil on uplands
(fine, montmorillonitic, mesic Udic Argiustoll) with a field
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moisture capacity of 0.34 m3 m‐3 and permanent wilting
point of 0.14 m3 m‐3. The particle size distribution is 15%
sand, 62.5% silt, 20% clay, and 2.5% organic matter content.
The daily meteorological conditions for the 2005, 2006, and
2007 growing seasons from the nearby HPRCC weather sta‐
tion are presented in figure 2. The prevailing wind direction
at the experimental site is south‐southwest.
Maize was planted on April 22 and May 12 during the
2005 and 2006, respectively (table 1). The field was har‐
vested on October 17 in 2005 and on October 5‐6 in 2006.
Soybean was planted on May 21 and harvested on October 24
in 2007. This field was planted to rainfed maize in the pre‐
vious four years. Irrigations were applied two or three times
a week to replenish the soil water content to approximately
90% of field capacity in the effective root zone depth.
A BREBS was installed in the field in 2005 with a fetch
distance of 520 m in the north‐south direction and 280 m in
the east‐west direction. One of the main advantages of the
BREBS over other systems (i.e., eddy covariance system,
ECS) is that it does not require forcing the energy balance
equation for closure, as is the case with the ECS. The BREBS
may not require as much fetch as ECS. However, the BREBS
assumes that the diffusivity for heat and water vapor is equal,
which may not be the case for all surfaces. Furthermore, in
the BREBS theory, when the Bowen ratio is close to ‐1
(i.e., ~ ‐1), the measured latent heat values may become un‐
stable. Although this condition ( ~ ‐1) may occur only for
a very limited time when the latent heat is very small (i.e., late
night or very early in the morning), alternative techniques
can be used to easily overcome this issue with the BREBS.
Here we provide a brief description of soil heat flux and other
surface energy flux measurements and crop and soil manage‐
ment practices. Detailed descriptions of the microclimate
measurements,  including latent heat flux, sensible heat, soil
heat flux, net radiation, and other microclimatic variables
(vapor pressure, air temperature, relative humidity, wind
speed and direction, incoming and outgoing shortwave radi‐
ation, albedo, and soil temperature) are presented by Irmak
(2010) and in the aforementioned studies.
Measurements were made using a deluxe version of a
BREBS (Radiation and Energy Balance Systems, REBS,
Inc., Bellevue, Wash.). Chromel‐constantan thermocouple
probes were used to measure temperature and humidity gra‐
dients (model THP04015 for temperature and THP04016 for
humidity, REBS, Inc., Bellevue, Wash.) with a resolution of
0.0055°C for temperature and 0.033% for humidity. The de‐
luxe BREBS used an automatic exchange mechanism that
physically exchanged the temperature and humidity sensors
at two heights above the canopy. Soil heat flux was measured
using three REBS HFT‐3.1 heat flux plates and three soil ther‐
mocouples. Each soil heat flux plate was placed at a depth of
approximately  0.06 m below the mean ground level. The
REBS STP‐1 soil thermocouple probes were installed in
close proximity to each soil heat flux plate at depths of 0.02,
0.04, 0.06, 0.08, and 0.10 m below the soil surface. Measured
soil heat flux values were adjusted to soil temperatures and
soil water content, as measured using three REBS SMP1R
soil moisture probes. One soil moisture probe was installed
in close proximity to each soil heat flux plate. The SMP1R
probes were installed at 0.06 m below the surface and approx‐
imately 0.20 m away from the heat flux plate to adjust the soil
heat flux for the soil water content. Soil heat flux plates were
installed on the crop row, on the row where the drip lateral
(tape) was installed (the drip lateral was installed 0.40 m be‐
low the surface every other furrow), and on the row without
drip lateral. Since the net radiometer measures the net radi‐
ation from all these three cases, the average of all soil heat
flux plates was used in the analyses. Net radiation was mea‐
sured using a REBS Q*7.1 net radiometer that was installed
approximately 4.5 m above the soil surface. The radiometer
was sensitive to wavelengths from 0.25 to 60 m. The net ra‐
diometer was attached to a 5 m long metal arm to extend the
radiometer away from the tripod (horizontally to the crop
canopy) so that the reflection of heat and radiation from any
instrument was eliminated. The radiometer consists of two
chromel‐constantan  (type E) differential thermocouple junc‐
tions that are installed to monitor temperature differences be‐
tween the core and the upper and lower windshields (domes).
The net radiometer was supplied with a constant airflow
through a desiccant tube to keep air space inside the dome
dry. All variables were sampled at 60 s intervals and averaged
and recorded on an hourly basis using a CR10X datalogger
and AM416 relay multiplexer (Campbell Scientific, Inc., Lo‐
gan, Utah). All system components were powered by a solar
panel and a 12 V, 140 A marine battery. The BREBS data
were downloaded from the datalogger on a weekly basis and
carefully screened for quality control (Irmak and Irmak,
2008; Irmak and Mutiibwa, 2009a, 2009b; Irmak, 2010).
The NDVI at the Clay Center site was calculated using
cloud‐free Landsat 5 and Landsat 7 satellite images (path 29,
row 32). Seven images were used for each of the 2005 and
2006 growing seasons, and five images were used for the
2007 growing season (table 2). The digital numbers (DN) of
the images were converted to radiance and then to reflectance
using modified parameters (Chander and Markham, 2003) in
ERDAS Imagine software (Leica Geosystems Geospatial
Imaging, Norcross, Ga.). The NDVI was computed using
near‐infrared (band 4) and red (band 3) reflectance using
equation 1.
Table 2. Details of Landsat images (path 29, row 32) used for the study.
Image Acquisition
Satellite/SensorYear Date DOY
2005 May 19 139 L5/TM
June 20 171 L5/TM
July 22 203 L5/TM
August 07 219 L5/TM
September 08 251 L5/TM
September 16 259 L7/ETM
October 18 291 L7/ETM
2006 May 22 142 L5/TM
June 23 174 L5/TM
July 17 198 L7/ETM
July 25 206 L5/TM
September 19 262 L7/ETM
October 13 286 L5/TM
October 29 302 L5/TM
2007 June 10 161 L5/TM
July 12 193 L5/TM
August 13 225 L5/TM
September 22 265 L7/ETM
September 30 273 L5/TM
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STATISTICAL ANALYSIS
The performances of the four models for estimation of G
were compared using various statistical measures, including
mean absolute error (MAE, W m‐2), root mean square error
(RMSE, W m‐2), coefficient of determination (r2), index of
agreement (d), and percentage error (PE), as shown in equa‐
tions 8 through 12:
 ∑
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where Pi and Oi are the ith predicted and observed values, re‐
spectively; P  and O  are the average of n number of predicted
and observed values, respectively; and Gmean is the seasonal
average soil heat flux calculated for each year using the
midday G measurements from May through end of October
at each site.
A model with low MAE and RMSE is considered a better
fit. Although r2 has been widely used for model evaluation,
it has been shown that r2 is oversensitive to outliers and insen‐
sitive to additives (Legates and McCabe, 1999). The r2
ranges from 0 to 1, with higher values indicating lower error
variance. The index of agreement (d) was proposed by Will‐
mot (1981) to overcome the insensitivities of r2 and the Nash‐
Sutcliffe coefficient of efficiency (Moriasi et al., 2007) to
differences in the observed and predicted means and vari‐
ances (Legates and McCabe, 1999). The index of agreement
(d) represents the ratio of the mean square error and the poten‐
tial error (Willmot, 1984). The potential error in the denomi‐
nator represents the largest value that the squared difference
of each pair can attain. The range of d is similar to that of r2
and lies between 0 (no correlation) and 1 (perfect fit).
The percentage error (PE) of MAE and RMSE is calcu‐
lated based on mean measured G. In general, soil heat flux is
a small portion of daily energy balance. However, on an hour‐
ly or shorter time step, G can have a considerable contribu‐
tion to the energy balance. Given the fact that G varies
considerably from one location to another in the field, as a
function of various factors, and that its prediction is difficult,
we assumed that ±30% deviation from the mean measured
G would be an acceptable PE when evaluating model perfor‐
mance.
RESULTS AND DISCUSSION
SEASONAL PROGRESSION OF G/RN AND NDVI FOR
IRRIGATED AND RAINFED MAIZE IN RELATION TO CROP
GROWTH AND DEVELOPMENT
The total amount of precipitation during the growing sea‐
son (May 1 to Oct. 31) at Mead was 370, 409, and 330 mm
for 2003, 2004, and 2005, respectively (fig. 3). The normal
precipitation at this site for the growing season is about
510mm. Year 2004 was very dry from mid‐July to mid‐
August with little precipitation, while precipitation was plen‐
tiful in the early and late growing season. Fields at this site
received more precipitation after day of year (DOY) 250 in
2004 than in 2003 and 2005. The precipitation pattern in 2003
was similar to 2005 except that most of the precipitation oc‐
curred in the beginning of the season (DOY 125‐170).
The progression of the measured G/Rn ratio at 12:30 p.m.
(CST) and NDVI for the irrigated continuous maize experi‐
ment (site 1) at Mead is presented in figure 4. We excluded
questionable data from the figures and analysis due to instru‐
ment malfunction and rainfall events at the Mead sites.
Therefore, data are missing for different periods in figure 4,
5, 7, 8, 9, and 10. The G/Rn ratio was high when a significant
portion of the ground was bare soil, ranging from 0.15 to 0.30,
and decreased with increasing NDVI (fig. 4a). Similar results
were found for all three years at site 1. The NDVI increased
gradually during the maize vegetative development stage and
reached its maximum value within two months after planting
(tasseling). It remained fairly constant during the reproduc‐
tive stage and decreased gradually after plants reached physi‐
ological maturity. At Mead site 1 during 2003, NDVI started
to increase 17 days after planting (DAP), reached its maxi‐
mum value (0.89) by 62 DAP, and remained fairly constant
until 97 DAP (fig. 4a). Thereafter, NDVI decreased gradually
with crop senescence and continued to decrease until the har‐
vest on 165 DAP. In contrast to NDVI progression, the G/Rn
ratio decreased with crop growth and development. This de‐
crease in G/Rn was due to the increase in ground cover. High‐
er ground cover, as indicated by higher NDVI, acts as a
barrier to the transmission of solar radiation to the soil surface
so that less Rn is consumed in heating of the soil. The G/Rn
ratio continued to decrease even after the NDVI had reached
its maxima (figs. 4a to 4c). This was due to the saturation of
NDVI after reaching a certain leaf area index (LAI). Previous
Figure 3. Cumulative precipitation at the Mead study sites (sites 1, 2, and
3) for the period of May 1 to October 31 during 2003, 2004, and 2005.
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Figure 4. Seasonal progression of G/Rn and NDVI for irrigated maize at
Mead site 1 (continuous maize) during the crop growing seasons in
(a)2003, (b) 2004, and (c) 2005. Daily precipitation is also shown in the
graphs.
studies have shown that NDVI saturates once the LAI reaches
a certain threshold value; beyond this threshold, LAI can in‐
crease while NDVI remains constant (Neale et al., 1989; Gi‐
telson et al., 2003; Vina et al., 2004). Maize NDVI reaches
its maxima at an LAI of approximately 3.0 (Neale et al.,
1989). In our case, G/Rn reached its lowest value of about
0.10 by 75 DAP, indicating peak LAI of the crop by that time.
Results indicated that early NDVI at site 1 during 2005
was lower (0.15 vs. 0.20) as compared with the values ob‐
tained in 2003 and 2004 (fig. 4c). This may be due to the low‐
er plant population in 2005 (69,200 plants ha‐1) as compared
to 2003 (77,000 plants ha‐1) and 2004 (79,800 plants ha‐1). It
is also possible that crop growth may have been poor in the
beginning of the season due to low precipitation during the
first 50 DAP. Although site 1 was irrigated, the first irrigation
was not applied until 51 DAP. The maximum NDVI (0.88)
was reached by 74 DAP and decreased to about 0.81 by 116
DAP.
Figure 5. Seasonal progression of G/Rn and NDVI for irrigated maize at
Mead site 2 (maize‐soybean rotation) during the crop growing seasons in
(a) 2003 and (b) 2005. Daily precipitation is also shown in the graphs.
The pattern of NDVI and G/Rn variation was similar in
2003 and 2005 at site 2 (fig. 5). However, the G/Rn values for
2003 and 2005 at site 2 (fig. 5) were slightly higher than the
corresponding values at site 1 during the maize vegetative
development stage (fig. 4). For instance, the G/Rn ratio at site
2 varied from 0.25 to 0.45 early in the growing season in 2003
and 2005, indicating that as much as 20% or more of Rn was
stored in the ground at site 2 as compared to site 1. The crops
at both sites were planted within one or two days, and the dif‐
ference in G/Rn was probably due to differences in crop rota‐
tion practices (all sites were under no‐till management during
2003‐2005). Site 2 has a maize‐soybean rotation, resulting in
lesser amounts of crop residue produced as compared to the
crop residue from the continuous maize practice at site 1.
Therefore, the G/Rn ratio is higher, especially in year 2005,
than in 2003 at site 2.
During 2003, the maximum NDVI (0.88) was observed by
59 DAP with a corresponding G/Rn value of 0.09 (fig. 5a).
The G/Rn ratio remained fairly constant (~0.08 to 0.10) dur‐
ing the mid‐growing season in 2003. The NDVI decreased to
about 0.80 by 100 DAP. As compared to the crop at site 2 in
2003, there was delayed maturity of the crop in 2005 (fig. 5b).
The NDVI started decreasing by 100 DAP in 2003, whereas
it started decreasing by about 116 DAP in 2005.
The NDVI at the Clay Center site was obtained using
Landsat 5 and Landsat 7 images from only cloud‐free days of
satellite overpasses during the growing seasons. The trend of
NDVI was similar during 2005 and 2006 except during the
late growing season (fig. 6). The maximum observed NDVI
was 0.76 on 91 DAP in 2005 and on 66 DAP in 2006. After
reaching the maximum NDVI, there was a sharp decrease in
NDVI during 2006 as compared to 2005, indicating earlier
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Figure 6. Seasonal progression of G/Rn and NDVI for irrigated maize at
the Clay Center site during the crop growing seasons in (a) 2005 and
(b)2006. Daily precipitation is also shown in the graphs.
Figure 7. Seasonal progression of G/Rn and NDVI for rainfed maize at
Mead site 3 (maize‐soybean rotation) during the crop growing seasons in
(a) 2003 and (b) 2005. Daily precipitation is also shown in the graphs.
maturity of the crop. The midday G/Rn ratio shows that G was
in the range of 6% to 7% of Rn during the mid‐growing season
in 2005 and 2006 (fig. 6). The G/Rn ratio at Clay Center was
smaller than at the irrigated sites (sites 1 and 2) at Mead.
The maximum NDVI of maize at Mead rainfed site 3 dur‐
ing 2003 was slightly lower 0.86 (fig. 7a) than the maximum
values at irrigated site 1 (0.89) and site 2 (0.88) during the
same year. Based on the field sampling from 20 different
fields in south‐central Nebraska, it has been shown that irri‐
gated crops have higher mean NDVI than rainfed fields
(Singh and Irmak, 2009). The well‐irrigated, healthy green
vegetation has more ground cover and produces more chloro‐
phyll, resulting in more absorption of red light and higher
NDVI.
The crop at Mead site 3 reached maturity about a week
earlier than at irrigated sites 1 and 2 during 2003 (figs. 4, 5,
and 7). With crop senescence, NDVI decreased to about 0.80
by 87 DAP and then decreased sharply until the harvest on
October 13, 2003. The G/Rn ratio during the early growing
season was in the range of 0.25 to 0.35 but started decreasing
with increasing NDVI from 19 DAP. By 56 DAP, G/Rn
reached about 0.10 and remained fairly constant in the range
of 0.10 to 0.15 during the mid‐growing season (fig. 7a).
In 2005, maize was planted on April 26 at Mead site 3,
about a week earlier than at site 1 (May 4) and site 2 (May 2).
The NDVI reached its maximum value of 0.80 by 91 DAP
and remained relatively constant (0.78 to 0.80) until 116 DAP
(fig. 7b). The G/Rn ratio was scattered in the range of 0.15 to
0.35 during the early growing season in 2005 and decreased
only after 66 DAP (fig. 7b). Site 3 at Mead had the lowest
plant population (53,700 plants ha‐1) during 2005 among all
the maize sites, which resulted in higher radiation penetration
into the canopy and soil surface, resulting in higher G toward
the soil.
SEASONAL PROGRESSION OF G/RN AND NDVI FOR
IRRIGATED AND RAINFED SOYBEAN
The seasonal progression of G/Rn and NDVI of the irri‐
gated soybean crop at Mead site 2 during 2004 is shown in
figure 8. The G/Rn ratio varied from 0.10 to 0.21 during the
early growth stage in 2004 and was smaller than the value
(0.25 to 0.45) at site 2 for maize in 2003. This was due to the
presence of greater crop residue in 2004 from the previous
year. Maize and soybean residues and the soil (at different
moisture content) have different reflectance properties.
Some of the differences in G/Rn are related to differences in
crop residue type and amount. For instance, maize following
soybean is likely to have higher G due to the lower amount
of crop residue from the previous year's soybean crop.
The temporal distribution of G/Rn and NDVI for the soy‐
bean crop during 2007 at Clay Center is presented in figure9.
The G/Rn ratio on 20 DAP was 0.28, which decreased to 0.08
by 84 DAP. The maximum NDVI (0.78) was observed on 81
DAP. Thereafter, NDVI decreased with the increase in G/Rn.
Since we had only five Landsat images for the 2007 growing
season, it is possible that we might have missed some extreme
values of NDVI and G/Rn. The maximum NDVI of soybean
was slightly higher than the maximum NDVI of maize both
at Clay Center and Mead.
Under the rainfed maize‐soybean crop rotation system,
soybean was planted at Mead site 3 on June 2, 2004. The G/Rn
in the beginning of the season was in the range of 0.15 to 0.25
(fig. 10). These values were slightly higher than the values for
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Figure 8. Seasonal progression of G/Rn and NDVI for irrigated soybean
at Mead site 2 (maize‐soybean rotation) during the crop growing season
in 2004. Daily precipitation is also shown in the graph.
Figure 9. Seasonal progression of G/Rn and NDVI for irrigated soybean
at Clay Center during the crop growing season in 2007. Daily precipita‐
tion is also shown in the graph.
Figure 10. Seasonal progression of G/Rn and NDVI for rainfed soybean at
Mead site 3 (maize‐soybean rotation) during the crop growing season in
2004. Daily precipitation is also shown in the graph.
irrigated soybeans at Mead site 2 (0.10 to 0.21). The G/Rn ra‐
tio at site 3 started to decrease by 36 DAP, reached 0.07 on
64 DAP, and remained fairly uniform in the range of 0.07 to
0.10 during the mid‐growing season until 100 DAP. Thereaf‐
ter, G/Rn started increasing and reached 0.30 by 126 DAP, just
5 days prior to harvesting on October 11, 2004. The NDVI
during the mid‐growing season remained constant in the
range of 0.90 to 0.91. Similar results were obtained by Mey‐
ers and Hollinger (2004), who reported that the midday G/Rn
for maize and soybean during DOY 200‐220 was about 0.08
and 0.065, respectively. They also indicated that for the time
period between 6:00 and 12:00 h CST, the average G/Rn was
0.136 for maize and 0.078 for soybean.
EVALUATION OF THE G MODELS UNDER IRRIGATED AND
RAINFED MAIZE CROPPING SYSTEMS
The statistical comparison of four models for estimating
G from measured Rn and NDVI are presented in table 3. The
models are listed as M1 (Kustas and Daughtry, 1990), M2
(Bastiaanssen et al., 1998), M3 (Melesse and Nangia, 2005),
and M4 (Singh et al., 2008). Predictions from the four models
for irrigated maize showed a wide variation from site to site
and year to year. At Mead site 1, M2 resulted in the highest
MAE (44.1 W m‐2) and RMSE (48.6 W m‐2) in 2005
(table3).  The lowest values of MAE and RMSE at site 1 us‐
ing M3 were 17.0 and 24.4 W m‐2, respectively, during the
2004 cropping season. Both M2 and M3 resulted in the same
r2 value; however, the higher d (except 2003) and lower MAE
and RMSE values of M3 indicated that M3 is a better predic‐
tor than M2. Statistically, it is possible to have a high r2 value
and low MAE and RMSE values. Under linear least square
regression, r2 is not a measure of how good the modeled val‐
ues are, but a measure of how good a predictor can be
constructed from the modeled values. The M2 and M3 mod‐
els have same r2 value, as both models have same model
structure, but they have different regression coefficients. For
instance, the regression equation at site 1 in 2003 was y =
0.897x + 41.85 for M2, while it was y = 0.457x + 21.34 for
M3 (table 3).
In general, both M1 and M2 overestimated G at Mead
site1 for all three years, while M3 and M4 underestimated G.
Results for Mead site 2 for irrigated maize showed that M2
and M3 yielded the highest (46.7 W m‐2) and the lowest
(13.5W m‐2) values of MAE, respectively, in 2003. Both
models had the same r2 (0.75), but the d values of M3 was
higher than the d obtained with M2 for 2004 and 2005.
The best performance at the Clay Center site for irrigated
maize was obtained with M3, with MAE values of 28.6 and
22.2 W m‐2 for 2005 and 2006, respectively. The correspond‐
ing r2 values were 0.57 and 0.61, respectively. Irrigated
maize was grown at the Clay Center site during 2005 and
2006, but the cropping practice in 2007 was irrigated soy‐
bean. We should note that Singh et al. (2008) developed M4
by using data from 2005 at the Clay Center site. Therefore,
evaluation of M4 for 2005 was excluded from our discussion.
The M4 model had the second‐lowest MAE and RMSE for
2006 among the four G models. However, its r2 (0.07) and d
(0.52) was very low in 2006.
Rainfed maize was grown at Mead site 3 during 2003 and
2005. The comparison of measured and estimated G for this
cropping system showed similar distributions for 2003 and
2005. The M3 model resulted in the lowest MAE during 2003
(10.4 W m‐2) and 2005 (9.1 W m‐2). In fact, these were the
best MAE values achieved among all the cropping systems
in our analyses. The highest MAE was obtained using M2,
with 49.5 and 53.0 W m‐2 during 2003 and 2005, respectively.
In 2003, the maximum RMSE was 52.9 W m‐2 (M2) and the
minimum RMSE was 15.0 W m‐2 (M3). The M1 model had
the highest correlation during 2003 (r2 = 0.91) and 2005 (r2=
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Table 3. Statistical analysis results of the model validations using Kustas and Daughtry (1990) (M1),
Bastiaanssen et al. (1998) (M2), Melesse and Nangia (2005) (M3), and Singh et al. (2008) (M4) equations.
Statistic Model[a]
Mead Site 1 Mead Site 2 Mead Site 3 Clay Center
2003 2004 2005 2003 2004 2005 2003 2004 2005 2005 2006 2007
MAE M1 27.8 34.6 34.6 38.6 34.0 22.7 33.8 27.9 32.8 54.9 57.2 32.1
(W m‐2) M2 33.8 42.9 44.1 46.7 27.2 26.3 49.5 27.5 53.0 77.3 70.9 45.3
M3 23.2 17.0 20.0 13.5 16.7 26.6 10.4 19.3 9.1 28.6 22.2 29.2
M4 26.8 24.0 30.5 23.9 19.4 31.7 19.7 15.9 18.6 10.1 36.9 31.0
RMSE M1 30.7 38.0 38.9 41.0 36.2 26.0 34.9 29.4 34.2 57.2 61.2 35.5
(W m‐2) M2 39.2 46.3 48.6 50.7 35.2 32.4 52.9 35.2 55.8 81.3 73.1 46.4
M3 31.7 24.4 27.6 24.7 19.4 35.1 15.0 23.6 17.7 32.1 26.7 50.8
M4 34.7 31.1 34.6 27.2 22.5 35.6 21.7 18.5 20.5 15.2 43.9 41.2
Slope M1 0.73 0.66 0.80 0.81 1.16 0.71 0.90 1.05 0.93 0.58 0.54 0.48
M2 0.90 0.96 1.03 0.91 1.55 0.74 1.05 1.33 0.96 0.39 0.69 0.45
M3 0.46 0.49 0.53 0.46 0.79 0.38 0.53 0.68 0.49 0.20 0.35 0.23
M4 0.70 0.69 0.87 1.00 1.24 0.81 0.77 1.05 0.86 0.88 0.35 0.58
Intercept M1 45.13 57.48 50.27 51.61 24.23 43.14 32.84 26.36 24.60 79.43 82.87 71.61
M2 41.85 45.79 41.20 53.37 ‐7.31 45.52 36.87 7.18 41.58 113.2 91.31 93.07
M3 21.34 23.35 21.01 27.22 ‐3.73 23.21 18.81 3.66 21.21 57.67 46.57 47.47
M4 ‐1.05 3.03 ‐6.94 ‐18.27 ‐27.15 ‐16.48 ‐9.91 ‐16.86 ‐20.48 15.33 56.06 20.59
r2 M1 0.76 0.71 0.72 0.82 0.90 0.83 0.91 0.96 0.93 0.94 0.41 0.94
M2 0.77 0.79 0.78 0.75 0.89 0.69 0.78 0.90 0.81 0.57 0.61 0.88
M3 0.77 0.79 0.78 0.75 0.89 0.69 0.78 0.90 0.81 0.57 0.61 0.88
M4 0.62 0.56 0.54 0.77 0.83 0.79 0.89 0.95 0.93 0.88 0.07 0.72
d M1 0.84 0.74 0.77 0.76 0.78 0.86 0.79 0.85 0.89 0.60 0.46 0.78
M2 0.81 0.73 0.73 0.70 0.82 0.80 0.63 0.85 0.73 0.44 0.42 0.70
M3 0.75 0.81 0.79 0.81 0.88 0.64 0.74 0.87 0.72 0.59 0.69 0.52
M4 0.79 0.98 0.80 0.88 0.90 0.78 0.70 0.93 0.75 0.95 0.52 0.75
[a] M1 = Kustas and Daughtry (1990), M2 = Bastiaanssen et al. (1998), M3 = Melesse and Nangia (2005), and M4 = Singh et al. (2008).
0.93). Similarly, the d values were high during these two
years (0.79 in 2003 and 0.89 in 2005) for M1. Our results are
comparable to other soil heat flux studies. Shao et al. (2008)
evaluated the spatial variability in G at three steppe ecosys‐
tems. They found that the spatial variability of G was 48 W
m‐2 (13% of Rn) during the day and 15 W m‐2 (34% of Rn) at
night.
EVALUATION OF THE G MODELS UNDER IRRIGATED AND
RAINFED SOYBEAN CROPPING SYSTEMS
The four models were evaluated for estimating G for irri‐
gated and rainfed soybean cropping systems (table 3). The
lowest MAE at Mead site 2 was 16.7 W m‐2 using M3, fol‐
lowed by 19.4 W m‐2 using M4. The highest MAE at Mead
site 2 was obtained using M1 (34.0 W m‐2). A very good cor‐
relation was obtained at this site for all four G models, as indi‐
cated by the high r2 (0.83 to 0.90) and d values (0.78 to 0.90).
The M3 (0.88) and M4 (0.90) models had very high d values,
indicating good model performance. Comparison for irri‐
gated soybean at Clay Center during the 2007 cropping sea‐
son showed that, in general, the MAE and RMSE were higher
at this site as compared with Mead site 2 (table 3).
Table 4 shows the PE of MAE and RMSE based on mean
measured G at the Mead and Clay Center sites. The seasonal
average of measured G at Mead was considerably higher than
at Clay Center. For instance, the mean measured G at Mead
for the 2005 growing season was 75.7, 97.4, and 102 W m‐2
for sites 1, 2, and 3, respectively, while it was 39.4 W m‐2 for
the same year at Clay Center (table 4). In 2005, maize was
planted at the three Mead sites and at Clay Center. The crops
were irrigated at all sites except Mead site 3 (rainfed). The
differences in measured G between Mead and Clay Center
could be attributed to the fact that the soil properties, mea‐
surement of G (i.e., sensor depth and distance between sen‐
sors), irrigation, and residue management conditions were
quite different at the sites. For instance, the soil at the Mead
sites is silty clay loam, which has about 10% more clay par‐
ticles than the soil at Clay Center (silt loam). The difference
in soil texture will result in variations in soil moisture con‐
tent, bulk density, and soil temperature between Mead and
Clay Center. All of these would ultimately cause variation in
thermal soil properties, resulting in variation in soil heat ca‐
pacity and the diurnal course of G. The soil heat flux plates
were buried at a depth of 5 cm at the Mead sites, whereas they
were placed at a depth of 6 cm at Clay Center. One can argue
that the vertical difference in installation depth (1 cm) among
the soil heat flux plates is not significant compared to the spa‐
tial variation in G from soil heat plates buried at the same
depth. Shao et al. (2008) reported that the heat storage in the
top soil layer accounted for half of the G values when the heat
flux plate was buried at a depth of 3 cm. At Mead and Clay
Center, the soil heat flux plates were installed differently on
the crop row. Finally, a major difference among the sites was
the residue management. The field at Clay Center was disk‐
tilled every year, but the three sites at Mead were under no‐till
conditions (except for disking prior to initiation of the study
to homogenize the top 0.10 m of soil in 2001).
Overall, the error for estimating G is high for each of the
models evaluated at Mead and Clay Center (table 4). Under
these high prediction errors, we defined the acceptable G esti‐
mate as “estimated G within an arbitrary 30% of the mean
measured value.” Based on this criterion, there is no suitable
model among all four models evaluated. Although M3 pro‐
duced slightly better predictions at Mead than the other mod-
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Table 4. Percentage errors in validation statistics (MAE and RMSE) for each G equation
based on mean measured G values for each year at Mead and Clay Center, Nebraska.
Model[a]
Mead Site 1 Mead Site 2 Mead Site 3 Clay Center
2003 2004 2005 2003 2004 2005 2003 2004 2005 2005 2006 2007
Measured G[b] 89.9 62.2 75.7 72.3 61.2 97.4 99.5 70.8 102.0 39.4 30.2 52.5
N[c] 128 130 122 122 129 114 131 131 128 184 184 152
MAE M1 30.9 55.6 45.7 53.4 55.5 23.3 34.0 39.4 32.1 139.2 189.4 61.1
(W m‐2) M2 37.6 69.0 58.3 64.6 44.4 27.0 49.7 38.8 51.9 196.0 234.8 86.2
M3 25.8 27.3 26.4 18.7 27.3 27.3 10.4 27.3 8.9 72.5 73.5 55.6
M4 29.8 38.6 40.3 33.1 31.7 32.5 19.8 22.5 18.2 25.6 122.2 59.0
RMSE M1 34.1 61.1 51.4 56.7 59.1 26.7 35.1 41.5 33.5 145.0 202.6 67.6
(W m‐2) M2 43.6 74.4 64.2 70.2 57.5 33.3 53.1 49.7 54.7 206.1 242.1 88.3
M3 35.2 39.2 36.5 34.2 31.7 36.0 15.1 33.3 17.3 81.4 88.4 96.7
M4 38.6 50.0 45.7 37.6 36.7 36.6 21.8 26.1 20.1 38.5 145.4 78.4
[a] M1 = Kustas and Daughtry (1990), M2 = Bastiaanssen et al. (1998), M3 = Melesse and Nangia (2005), and M4 = Singh et al. (2008).
[b] G values represent the seasonal average from May through end of October for a given site and year.
[c] N is the number of measurements for each site and year during the growing season (May through end of October).
els, the predictions at Clay Center were poor. These results
indicate that while empirical soil heat flux models may pro‐
duce reasonable estimates of G for one site, they do not war‐
rant similar findings for another site. The goodness of fit for
each model can be considerably different from site to site and
from year to year. This is not unusual, as G varies spatially
because of the spatial variation in soil properties, vegetation
cover, and management conditions. Moreover, the diurnal
course of G may change from day to day due to variation in
the weather (Verhoef et al., 1996) and measurement errors
(Liebethal et al., 2005).
The considerable variations in the performance of the
models may be attributed to various factors, including soil
properties; measurement of G, Rn, and NDVI; and tillage and
residue management conditions. In the case of measurement
of G, Kustas and Daughtry (1990) reported that the soil heat
flux plate was buried at a depth of 5 cm, whereas it was placed
at a depth of 6 cm for the study reported by Singh et al. (2008).
Hence, it is possible that the extra storage of the heat flux in
the soil above the soil heat flux plate can cause differences in
model performance. Meyers and Hollinger (2004) discussed
the impact of storage terms in the surface energy balance of
maize and soybean. They showed that these components, tak‐
en together, can be about 15% for maize and 7% for soybean
cropping systems. The NDVI for models M1 to M4 was cal‐
culated based on bandwidths similar to those of the Landsat
satellite.  In our study, NDVI was calculated at the Mead sites
based on bandwidths similar to MODIS and at Clay Center
using Landsat data with coarser resolution. Further, M3 (Me‐
lesse and Nangia, 2005) and M4 (Singh et al., 2008) were cal‐
ibrated with NDVI calculated at the top of the atmosphere.
However, in the present study, NDVI was calculated at the top
of the surface at the Mead sites. Different methods of tillage
and crop residue management can also have an impact on G.
For instance, soybean following maize is likely to have lower
G due to the greater presence of maize residue, which has dif‐
ferent properties. Azooz et al. (1997) showed that no‐till
practices can result in colder soil temperatures as compared
to conventional moldboard plow tillage. All these differences
may be sources of the variation in the performance of the
models used in this study. Thus, models utilizing readily
available information, but with parameters sensitive to soil
thermal properties, might be more suitable to estimate G.
CONCLUSIONS
We used datasets collected from ongoing large projects at
Mead and Clay Center, Nebraska, to investigate seasonal and
inter‐annual progression of the G/Rn ratio and NDVI to un‐
derstand how G/Rn dynamics respond to changes in soil, cli‐
mate, land use, and management conditions for maize and
soybean cropping systems. On a seasonal basis, the soil heat
flux was about 13.1%, 15.2%, 10.9%, and 12.8% of net radi‐
ation for irrigated maize, rainfed maize, irrigated soybean,
and rainfed soybean, respectively. The lower soil heat flux in
soybean fields as compared with the heat flux in maize fields
was due to the higher NDVI of soybean. There were inter‐
annual differences in G/Rn ratios, and the difference in G/Rn
was due to the differences in crop rotation practices. For
instance, the G/Rn ratio at the site with maize‐soybean rota‐
tion, which had a lesser amount of residue, varied from 0.25
to 0.45 early in the growing season in 2003 and 2005, indicat‐
ing that as much as 20% or more Rn was stored in the ground
as compared with the site that had continuous maize with a
greater amount of residue.
In general, there were considerable variations in the per‐
formances of the four models evaluated, depending on site
characteristics,  crop, and irrigation conditions. Based on the
minimum criterion of estimating G within 30% of the mean
measured value, none of the models was able to accurately
predict G (within 30% of the measured values) under these
experimental  conditions. The differences in the performanc‐
es of the models were attributed to various factors, such as
soil properties, G measurement depth, and bandwidth for
NDVI, model calibration procedures, and residue manage‐
ment conditions. Thus, local calibration of empirical soil heat
flux models is essential for reliable estimates of soil heat flux.
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